Introduction
============

Breast cancer is the most common type of malignancy in women, accounting for 29% of all female cancer cases and \<1% of all male cancer cases ([@b1-mmr-14-02-1523]). Each year, a large number of patients with breast cancer are diagnosed and the survival rate remains poor in developing countries. In certain cases, surgery, chemotherapy and radiotherapy are insufficient for successful treatment. Therefore, more efficient methods based on genetic factors should be developed to target breast cancer. In addition to benefiting treatment, identification of specific targets will be beneficial for disease diagnosis.

Cyclin-dependent kinases (CDKs) are a family of protein kinases first identified for their function in regulating the cell cycle ([@b2-mmr-14-02-1523],[@b3-mmr-14-02-1523]). CDKs bind to cyclin proteins and form cyclin-CDK complexes that regulate cell cycle progression. CDK inhibitor 3 (CDKN3) is an enzyme encoded by the CDKN3 gene ([@b2-mmr-14-02-1523]). The CDKN3 protein belongs to the dual-specificity protein phosphatase family. It was initially identified as a CDK inhibitor, which interacts with, and dephosphorylates CDK2, thus preventing its activation ([@b4-mmr-14-02-1523]). Aberrant expression of CDKN3, including deletion, mutation, or overexpression has been reported in numerous types of cancer ([@b4-mmr-14-02-1523]--[@b6-mmr-14-02-1523]). However, the exact role of CDKN3 in the progression of breast cancer remains to be elucidated.

The association between CDKN3 and tumorigenesis has previously been reported in several studies ([@b4-mmr-14-02-1523]--[@b6-mmr-14-02-1523]). However, the molecular mechanisms underlying the effects of CDKN3 on cell cycle arrest, apoptosis and cell migration remain to be determined. In the present study, CDKN3 was observed to be highly expressed in MCF-7 and BT474 cell lines. An *in vitro* model produced by silencing CDKN3 was used to detect the potential roles of CDKN3 in tumor cell proliferation, apoptosis and migration. The present study hypothesized that CDKN3 is a potential target for the treatment of breast cancer.

Materials and methods
=====================

Cell lines and antibodies
-------------------------

The MCF-7, ZR-75-30, T47-D, MDA-MB-231 and BT474 breast cancer cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). The cell lines were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 50 U/ml penicillin and 0.1 mg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmosphere containing 5% CO~2~. Antibodies against CDKN3, proliferating cell nuclear antigen (PCNA), B-cell lymphoma 2 (Bcl-2), vimentin and Bcl-2-associated X protein (Bax) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Construction of CDKN3-specific small interfering (si)RNA expression vectors
---------------------------------------------------------------------------

The siRNA-expressing constructs were generated by subcloning siRNA oligonucleotides (Shanghai Generay Biotech, Inc., Shanghai, China) into *Bam*HI and *Eco*RI sites of pSIH-H1-GFP vector (System Biosciences, Mountain View, CA, USA), as previously described ([@b7-mmr-14-02-1523]). The siRNA sequences were as follows: i) 5′-AAGAGCCUAUUGAAGAUGAUU-3′ for siRNA1; ii) 5′-UAGCUGCUUGUCUCCUACUUU-3′ for siRNA2; and iii) 5′-AAACCACCAGUGUUAUCAAUU-3′ for siRNA3. Negative control siRNA was also used, the sequence was 5′-UUCUCCGAACGUGUCACGUTT-3′. Briefly, cells were cultured on 6-well plates. Following a 24 h incubation, the original medium was replaced with serum and antibiotics-free medium. Transfection reagents were mixed with siRNAs; 10 *µ*l Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) was diluted with 250 *µ*l Opti-MEM (Thermo Fisher Scientific, Inc.) in each well, and was incubated at room temperature for 5 min. In addition, 10 *µ*l siRNAs were diluted with 250 *µ*l Opti-MEM, and were gently agitated. The diluted Lipofectamine 2000 and diluted siRNAs were mixed and incubated at room temperature for 20 min. A total of 6 h post-transfection, the culture medium was replaced with medium containing antibiotics. The silencing effect was confirmed by detecting CDKN3 protein expression by western blotting. Breast cancer cells with Lipofectamine only were regarded as the control group, whereas breast cancer cells that were transfected with negative control siRNA were regarded as the vehicle group.

Apoptosis assay
---------------

Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) were used to detect apoptotic cells following CDKN3 silencing. Subsequent to trypsinization, the cells were washed twice with phosphate-buffered saline (PBS) and resuspended in binding buffer containing Annexin-V-FITC and PI (BD Biosciences, Franklin Lakes, NJ, USA). The cells were incubated at room temperature for 15 min and were then analyzed using a flow cytometer (LSR Fortessa™; BD Biosciences).

Cell cycle assay
----------------

Cells were fixed in chilled 75% ethanol, and were stained with a solution containing 100 *µ*g/ml RNase (Tiangen Biotech Co., Ltd., Beijing, China) and 50 *µ*g/ml PI (BD Biosciences) in PBS for cell cycle analysis. The percentage of cells at each phase of the cell cycle was evaluated by flow cytometry (BD Biosciences).

Western blot analysis
---------------------

Following the silencing of CDKN3, proteins were extracted using Cell Extraction Buffer (Thermo Fisher Scientific, Inc.) and protein concentration was measured using bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.). Equivalent quantities of protein from each group (10 *µ*l) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (120 V for 20 min in condensing gel; 180 V for 60 min in separating gel) and were transferred to polyvinylidene fluoride membranes (Thermo Fisher Scientific, Inc.) at 100 V for 120 min. After blocking with 5% non-fat milk powder for 1 h, the membranes were incubated with rabbit primary antibodies against CDKN3 (1:2,000; Abcam, Cambridge, MA, USA; ab118702), Bcl-2 (1:2,000; Abcam; cat. no. ab59348), Bax (1:3,000; Abcam; cat. no. ab32503), PCNA (1:2,000; Abcam; cat. no. ab18197), RhoA (1:2,000; Abcam; cat. no. ab187027), vimentin (1:2,000; Abcam; cat. no. ab92547) and GAPDH (1:5,000; Abcam; cat. no. ab9485) at 4°C overnight. Membranes were subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:4,000; Abcam; cat. no. 6721) at room temperature for 1 h. Blots were visualized with enhanced chemiluminescence solution (Thermo Fisher Scientific, Inc.), and films were exposed in a dark room. Blot images were semi-quantified by ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).

Migration assay
---------------

Equal numbers of cells (1×10^5^) in DMEM with 5% FBS were added to the upper compartment of a Transwell plate and were maintained at 37°C for 15 h. The lower compartment was filled with DMEM supplemented with 10% FBS. Following incubation, the cells from the upper surface of the filter were removed with a cotton swab. The cells in the lower compartment were stained with crystal violet and visualized under light microscopy (CX31; Olympus Corporation, Tokyo, Japan). The number of cells that migrated to the lower chamber was counted in five randomly selected fields and the mean number of cells was calculated in each group.

Statistical analysis
--------------------

All experiments were performed in triplicate, and the results were expressed as the mean ± standard deviation. A t-test was utilized to compare differences between two groups, and a one-way analysis of variance was used to compare differences between three or more groups. Statistical analyses were performed using IBM SPSS Statistics 20 software (IBM SPSS, Armonk, NY, USA).

Results
=======

CDKN3 expression levels are increased in a number of breast cancer cell lines
-----------------------------------------------------------------------------

To investigate the function of CDKN3 expression in tumor growth, CDKN3 expression levels were detected in a number of breast cancer cell lines, including MCF-7, ZR-75-30, T47-D, MDA-MB-231 and BT474. As demonstrated by western blot analysis, CDKN3 was highly expressed in the MCF-7 and BT474 cell lines ([Fig. 1A](#f1-mmr-14-02-1523){ref-type="fig"}). In subsequent experiments, siRNA was used to knockdown the expression of CDKN3 in MCF-7 and BT474 cell lines. Three siRNA sequences were designed and the optimal knockdown effect was observed using the siRNA3 sequence. As presented in [Fig. 1B--D](#f1-mmr-14-02-1523){ref-type="fig"}, siRNA significantly decreased the CDKN3 expression levels in the MCF-7 and BT474 cell lines compared with the control (P\<0.001). However, the vehicle sequence did not affect CDKN3 expression. These results suggest that CDKN3 is overexpressed in certain types of breast cancer cell lines and that siRNA is an effective approach to knockdown the expression levels of CDKN3.

CDKN3 knockdown inhibits breast cancer cell migration
-----------------------------------------------------

The present study also analyzed whether cancer cell migration was affected by CDKN3 silencing in breast cancer cell lines using a Transwell assay. As presented in [Fig. 2](#f2-mmr-14-02-1523){ref-type="fig"}, the cell number in the bottom chamber was significantly inhibited by CDKN3 deletion (P\<0.01 in MCF-7 cells; P\<0.001 in BT474 cells), but not by vehicle treatment.

CDKN3 knockdown induces apoptosis in breast cancer cell lines
-------------------------------------------------------------

The apoptotic rate in the breast cancer cell lines was analyzed following silencing of CDKN3. As presented in [Fig. 3](#f3-mmr-14-02-1523){ref-type="fig"}, 24 h after CDKN3 knockdown, the apoptotic rate was significantly increased in MCF-7 cells (P\<0.001). Conversely, vehicle transfection did not affect the apoptotic rate compared with the control. Similarly, the apoptotic rate was significantly increased in BT474 cells following CDKN3 knockdown (P\<0.001).

CDKN3 knockdown induces cell cycle arrest in breast cancer cell lines
---------------------------------------------------------------------

CDKN3 is a cell cycle regulatory protein. In the present study, cell cycle distribution was detected following CDKN3 silencing in MCF-7 and BT474 cell lines. As presented in [Fig. 4](#f4-mmr-14-02-1523){ref-type="fig"}, the number of cells in G~1~ phase was significantly increased following CDKN3 silencing in MCF-7 and BT474 cell lines (P\<0.01 in MCF-7 cells; P\<0.05 in BT474 cells). These results suggest that CDKN3 knockdown results in G~1~ phase arrest in breast cancer cell lines.

CDKN3 knockdown decreases PCNA, Bcl-2 and RhoA expression levels, but increases Bax expression
----------------------------------------------------------------------------------------------

The potential mechanisms underlying the effects of CDKN3 silencing were investigated by detection of PCNA, Bcl-2, Bax, vimentin and RhoA expression levels. As presented in [Fig. 5](#f5-mmr-14-02-1523){ref-type="fig"}, CDKN3 knockdown decreased PCNA, Bcl-2, vimentin and RhoA expression compared with in the control MCF-7 and BT474 cell lines (P\<0.01 for PCNA, Bcl-2 and vimentin, and P\<0.001 for RhoA in MCF-7 cells; P\<0.01 for PCNA, P\<0.001 for Bcl-2 and RhoA, and P\<0.05 for vimentin in BT474 cells). Conversely, Bax expression was increased following CDKN3 silencing compared with in the control cells (P\<0.001 in MCF-7 cells; P\<0.01 in BT474 cells).

Discussion
==========

Dysregulation of CDKN3 has been demonstrated to be involved in tumorigenesis; however, the exact function of CDKN3 in breast cancer remains to be elucidated. In the present study, CDKN3 was highly expressed in breast cancer cell lines. Knockdown of this specific gene was able to inhibit migratory ability and cell cycle progression, and induce apoptosis. Possible mechanisms underlying these effects are associated with PCNA, RhoA and Bcl-2 downregulation.

Aberrant expression of CDKN3 has been reported to exert various effects on human tumorigenesis. Either overexpression or mutation may result in the proliferation of tumor cells; therefore, a dual function of CDKN3 as an oncogene and tumor suppressor gene has been detected in various types of tumor ([@b8-mmr-14-02-1523]--[@b10-mmr-14-02-1523]). However, the functional relevance of CDKN3 in breast cancer remains inconclusive, and more research is required. In the present study, CDKN3 was highly expressed in breast cancer cell lines, which is consistent with a previous report demonstrating CDKN3 as an important oncogene in breast cancer tumorigenesis ([@b11-mmr-14-02-1523]). Although a previous study demonstrated that overexpression of CDKN3 may markedly sensitize imatinib-induced apoptosis in K562 leukemic cells, CDKN3 functions differently in various types of cancer ([@b12-mmr-14-02-1523]). CDKN3 has been suggested to function as a tumor suppressor, and the effect of a loss of function of this protein has been observed in various cancers ([@b8-mmr-14-02-1523],[@b9-mmr-14-02-1523]), including glioblastoma ([@b8-mmr-14-02-1523]) and hepatocellular carcinoma ([@b13-mmr-14-02-1523]). In addition, elevated levels of CDKN3 have been detected in renal cell carcinoma, which enhanced xenograft tumor growth, thus suggesting an oncogenic function of CDKN3 ([@b14-mmr-14-02-1523]). Notably, numerous spliced transcript variants encoding different isoforms of CDKN3 have been observed in diverse types of cancer, indicating that these isoforms may be associated with specific tumor formation ([@b13-mmr-14-02-1523],[@b15-mmr-14-02-1523]). Numerous breast cancer cell lines are available for use in therapeutic agent screening or mechanistic investigation ([@b16-mmr-14-02-1523]). However, the characteristics of these cell lines are not the same. In the present study, CDKN3 expression was measured in MCF-7, ZR-75-30, T47-D, MDA-MA-231 and BT474 cell lines. CDKN3 exhibited the highest expression in the MCF-7 and BT474 cell lines. Therefore, in the subsequent mechanistic investigations, these two cell lines were used to investigate the function of CDKN3.

The CDKN3 gene is located on chromosome 14 at 14q22 ([@b8-mmr-14-02-1523]). CDKN3 dephosphorylates CDK2 and inhibits G~1~/S-phase cell cycle progression ([@b4-mmr-14-02-1523]). A further function of CDKN3 is interaction with CDK1 to facilitate mitosis by dephosphorylating CDK1 at Thr161. CDKN3 belongs to the protein phosphatase family and has a dual function in regulating the cell cycle and proliferation. In the present study, the knockdown of CDKN3 in MCF-7 and BT474 cells contributed to G~1~ phase arrest. Conversely, in a previous study, CDKN3 expression was upregulated following Y-box binding protein 1 silencing, resulting in G~1~ phase arrest ([@b17-mmr-14-02-1523]). This may be due to the dual function of CDKN3 in tumorigenesis. In addition, the type of cancer may also affect the function of CDKN3, for example, in prostate cancer cells and hepatocellular carcinoma, downregulation of CDKN3 results in G~1~ phase arrest ([@b18-mmr-14-02-1523],[@b19-mmr-14-02-1523]).

In addition to cell cycle arrest, CDKN3 silencing also triggered apoptosis in the two breast cancer cell lines. Cell cycle arrest contributes to the inhibition of proliferation, and induction of apoptosis is also considered an important strategy to inhibit tumor cell proliferation.

In addition to proliferation, migration is a key factor in determining tumorigenesis. Although CDKN3 predominantly functions via regulation of the cell cycle, CDKN3 inhibits migration by decreasing CDK1 mRNA and protein expression ([@b15-mmr-14-02-1523]). In the present study, CDKN3 silencing inhibited cell migration in the breast cancer cell lines.

The present study also demonstrated that CDKN3 silencing inhibits PCNA, Bcl-2 and RhoA expression. The potential mechanisms underlying the effects of CDKN3 on apoptosis induction and cell cycle arrest were investigated in the present study. PCNA is a DNA clamp, the function of which is essential for DNA replication ([@b20-mmr-14-02-1523]). The downregulation of PCNA was observed in breast cancer cell lines following silencing of CDKN3, thus suggesting that CDKN3 is important for PCNA expression. However, the mechanism underlying the CDKN3-induced regulation of PCNA remains to be elucidated. RhoA is important for actin-polymerization, which is required for cell proliferation ([@b21-mmr-14-02-1523]). Decreased RhoA expression increases the turnover of actin, blocking proliferation. In the present study, RhoA expression levels were markedly decreased, which may be associated with inhibition of the cell cycle or cell migration.

Apoptosis is a type of programmed cell death. Various signaling pathways are associated with apoptosis, particularly the mitochondria-dependent and mitochondria-independent signaling pathways ([@b22-mmr-14-02-1523]). A major checkpoint in the mitochondria-dependent signaling pathway is the ratio of proapoptotic (Bax) to anti-apoptotic (Bcl-2) proteins. In the present study, Bcl-2 and Bax expression levels were detected following CDKN3 silencing. The results of the present study demonstrated that CDKN3 silencing increased Bax expression levels and decreased Bcl-2 expression levels. Consistently, the ratio of Bax/Bcl-2 was increased following CDKN3 silencing, which was consistent with apoptosis. In addition, vimentin expression levels were detected following CDKN3 silencing. As a key marker of cancer ([@b23-mmr-14-02-1523]), vimentin expression was significantly decreased following CDKN3 silencing.

In conclusion, results from the present study suggest that CDKN3 acts as a tumor oncogene during breast tumorigenesis. The *in vitro* silencing of CDKN3 promoted apoptosis, induced G~1~ phase cell cycle arrest and inhibited cell migration. Possible underlying mechanisms are associated with regulation of PCNA, Bcl-2, RhoA and Bax expression. Therefore, the present study suggested that CDKN3 silencing may be considered an effective method for the inhibition of breast cancer tumorigenesis.

![(A) CDKN3 was highly expressed in the MCF-7 and BT474 cell lines. siRNA was used to silence CDKN3 expression in (B) MCF-7 and (C) BT474 cells. (D) CDKN3 protein expression levels relative to GAPDH. Data are presented as the mean ± standard deviation. ^\*^P\<0.05; ^\*\*^P\<0.01; ^\*\*\*^P\<0.001 vs. the control group. CDKN3, cyclin-dependent kinase inhibitor 3; siRNA, small interfering RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](MMR-14-02-1523-g00){#f1-mmr-14-02-1523}

![(A) Cyclin-dependent kinase inhibitor 3 silencing decreased cell migration in MCF-7 and BT474 cells. Magnification, ×10. (B) Migration index was measured. Data are presented as the mean ± standard deviation. ^\*\*^P\<0.01; ^\*\*\*^P\<0.001 compared with the control group. siRNA, small interfering RNA.](MMR-14-02-1523-g01){#f2-mmr-14-02-1523}

![(A) Cyclin-dependent kinase inhibitor 3 silencing induced apoptosis in MCF-7 and BT474 cells. (B) Percentage of apoptosis was determined. Data are presented as the mean ± standard deviation. ^\*\*\*^P\<0.001 compared with the control group. siRNA, small interfering RNA.](MMR-14-02-1523-g02){#f3-mmr-14-02-1523}

![(A) Cyclin-dependent kinase inhibitor 3 silencing resulted in a G~1~-phase cell cycle arrest in MCF-7 and BT474 cells. (B) Number of cells in G~1~ phase was determined. Data are presented as the mean ± standard deviation. ^\*^P\<0.05; ^\*\*^P\<0.01 compared with the control group. siRNA, small interfering RNA.](MMR-14-02-1523-g03){#f4-mmr-14-02-1523}

![(A) Cyclin-dependent kinase inhibitor 3 silencing downregulated PCNA, Bcl-2, vimentin and RhoA expression levels, and upregulated Bax expression levels in (B) MCF-7 and (C) BT474 cells. Data are presented as the mean ± standard deviation. ^\*^P\<0.05; ^\*\*^P\<0.01; ^\*\*\*^P\<0.001 compared with the control group. PCNA, proliferating cell nuclear antigen; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; RhoA, Ras homolog gene family, member A; siRNA, small interfering RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](MMR-14-02-1523-g04){#f5-mmr-14-02-1523}
